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Abstract To demonstrate the psychophysical effect of 
edge-grain patterns on visual impressions received by 
human observers, printed images of the edge-grain patterns 
of 16 species were prepared as well-regulated visual 
stimuli, and impressions of the patterns on 32 subjects were 
evaluated using six categories. Image characteristics of the 
patterns were expressed numerically using contrast values 
that were derived by multi-resolution contrast analysis 
(MRCA) proposed by the authors, and relationships 
between the image characteristics and the visual impres¬ 
sions were examined. The difference in lightness between 
local areas with a certain size in the image was used as the 
contrast value, which could be used to detect the change in 
lightness due to the particular feature in the edge-grain 
pattern. While some impressions were almost independent 
of the contrast values, other impressions showed highly 
positive or negative linear relationships to the contrast 
values, derived at the optimal filter size in MRCA. More¬ 
over, these optimal sizes were rarely affected by color 
information. The contrast value proposed in this paper 
would be a good numerical index that could be used not 
only to describe image characteristics of the edge-grain 
patterns but also to estimate some of their visual 
impressions. 
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Introduction 

The unique appearance of wood, which is characterized by 
warm colors, varied grain patterns, mellow gloss, and so 
on, has various psychological effects on observers. Nyrud 
and Bringslimark [1] pointed out in their review article that 
the affective responses of human observers to wood pro¬ 
vided psychologically beneficial effects. To determine 
more precisely the nature of these desirable effects, rela¬ 
tionships between the surface properties of wood and visual 
impressions of the surfaces have been examined. In some 
reports [2-6], the surface properties were assessed on the 
basis of subjective evaluations by human graders, the 
visual impressions were reported by human observers, and 
the relationships between them were investigated using 
various multivariate analyses. In other reports [7-13], the 
surface properties were converted into numerical charac¬ 
teristics by image analyses and were compared with the 
visual impressions that were evaluated subjectively. 
However, there have not been many systematic investiga¬ 
tions considering those properties of the surfaces that 
brought about visual effects. In other studies, the authors 
developed a multi-resolution contrast analysis (MRCA) to 
describe the change in the appearance of lumber surfaces 
numerically [14, 15]. MRCA employs a computation 
algorithm that considers the human vision system and 
derives characteristic values that correspond to the surface 
attributes. However, our verification of how well the image 
characteristics derived by MRCA corresponds with the 
visual impressions has not been satisfactory. 

The objective of the present study is to demonstrate the 
psychophysical effects of the grain patterns on the visual 
impressions received by human observers. To approach 
this issue as systematically as possible, it is necessary that 
the shape, color, and gloss of the grain patterns be 
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controlled using prepared photographic specimens. To 
simplify the shape-related problem, edge-grain patterns 
were preferred because these were considered as relatively 
simple stripes. To reduce the color-related problem, all 
patterns were converted to digital images, and their color 
attributes were regulated by image processing. To avoid 
the gloss-related problem, all images were printed on the 
same photographic paper. Image characteristics of the edge- 
grain patterns were calculated by MRCA, and the visual 
impressions of the patterns were assessed by sensory 
evaluation. 


Materials and methods 

Specimens 

To prepare various kinds of the edge-grain pattern as much 
as possible, planer-finished quarter-sawn boards of 16 tree 
species were collected in consideration of their anatomical 
features (softwood or hardwood, ring porous or diffuse 
porous, and so on), annual ring density, and homogeneity 
of the grain. The boards were approximately 150, 100, and 
5 mm in the longitudinal, radial, and tangential directions, 
respectively. Digital color images of 16 boards were cap¬ 
tured by a flatbed scanner (CanoScan9950F, Canon Inc., 
Tokyo, Japan) with high resolution (1200 dots per inch; 
7000 x 4600 pixels). 

Using the captured images, three types of printed speci¬ 
mens were prepared as the visual stimuli to be presented in 
sensory evaluation. All specimens were printed by an ink-jet 
printer (PIXUS 860, Canon Inc., Tokyo, Japan) on matte 
printing paper (SG-101, Canon Inc., Tokyo, Japan) with the 
same resolution and size (1200 dpi, 148 x 97 mm) through 
photo-retouching software (Photoshop CS1, Adobe Systems 
Inc., Tokyo, Japan). 

Type 1 specimens were printed in their original colors. 
Type 2 specimens were prepared as the monochrome version 
of Type 1 (Fig. 1). The color data (three gray levels of the 
RGB color system) of every pixel in the original color images 
were converted to a single gray level g by Eq. 1 [16]. 

g = 0.299 R + 0.587G + 0.1145 (1) 

To convert a gray level g to a metric lightness L* in the 
L*a*b* color system, the following quintic regression 
equation was defined 

L* = —466.5/ + 1381/ - 1545/ + 755.5/ - 40.44# 

+ 7.804 (2) 

In Eq. 2, g was standardized from 0 to 1. To define Eq. 2, 
19 types of monochrome chips with various intensities were 
printed out using the previously described process used to 


print Type 1 and Type 2 images, and their metric lightness 
values were measured by a colorimeter (CM-2600d, 
Konica Minolta Optics, Inc. Tokyo, Japan). The non¬ 
linear relationships between g and L* were formulated as 
Eq. 2. Next, every monochrome image was transformed to 
a statistically equivalent image with the following two 
equations. 


Z(i,j) 


S(iJ) ~ S 

<?s 


D(i,j) = obZ(iJ) + D 


( 3 ) 

( 4 ) 


where S is the source image, S indicates the lightness of S , 
as is the standard deviation of S , Z is the intermediate 
image, D is the destination image, D indicates the lightness 
of D , od is the standard deviation of D , and i and j are the 
horizontal and vertical positions of each pixel. D and od of 
Type 2 specimens were set to 70.1 and 4.7, respectively. In 
other words, all Type 2 specimens had the same mean 
lightness values and standard deviations. The values for 
Type 2 specimens are tabulated in Fig. 1. 

In addition, monochrome images of 16 specimens were 
created, which were named Type 3 specimens. For these 
specimens, four species in Type 1 or 2, i.e., Nos. 2, 5, 7, 
and 14 (see Fig. 1) were selected. The variation in lightness 
of these specimens was modified in four ranges by 
changing cr D in Eq. 4. In the present study, the mean 
lightness of D in Eq. 4 was set to 70.1, as it was for Type 2 
specimens, and o- D values were set to 2.3, 4.7 (same as the 
values for Type 2 specimens), 7.2, or 9.7. The value of od 
corresponds to the magnitude of the overall contrast of the 
pattern. A part of the Type 3 specimens is shown in Fig. 1. 
A schematic flow of image processing is shown in Fig. 2. 
The image processing was performed by self-made FOR¬ 
TRAN programs. 


Sensory evaluation 


Sensory evaluations were performed concerning the visual 
impressions of the edge-grain patterns. A questionnaire 
asked the subjects to rank their impressions using six 
adjectives: Close, Decent, Clear, Varied, Showy, and Ele¬ 
gant. The words were translated into corresponding Japa¬ 
nese on the questionnaire form, that is, Chimitsu-na, 
Totonotta, Hakkiri-shita, Henkani-tonda, Hade-na, and 
Johin-na, respectively. These adjectives had been used in a 
former study [17] that measured the visual impressions of 
wood-based materials. In the present study, the six adjec¬ 
tives were reselected in consideration of the correspon¬ 
dence between the impressions and characteristics of the 
edge-grain patterns (annual ring density, difference of 
brightness between earlywood and latewood, homogeneity 
of the grain, and so on), and also ease of reply by the 
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Fig. 1 Specimen images of 
edge-grain patterns. The mean 
and standard deviation of 
lightness of the Type 2 
specimens were equalized to 
70.1 and 4.7, respectively. The 
images were arranged in the 
order of Varied impression from 
upper left to lower right. Four 
species in Type 2 (No. 2, 5, 7 
and 14) were selected for Type 
3 specimens. Although their 
mean lightness was the same as 
that of Type 2, their standard 
deviations were modulated in 
four variations. Numbers above 
and below each image indicate 
specimen code, mean lightness, 
and standard deviation, 
respectively. The sizes of the 
specimens are 148 mm (L) and 
97 mm ( R ) 



subjects. In our study, each subject was asked to observe a 
set of the specimens (Type 1, 2, or 3), which were ran¬ 
domly arranged on gray paper (N5 in Munsell value) 


covering the table, and to sort them in order of the degree 
of each impression. It took approximately 80 min to 
complete a series of tasks including some rests. The table 
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Fig. 2 Schematic flow of image 
processing. Left original color 
images (Type 1) have various 
histograms of lightness. Middle 
original color images were 
converted to monochrome 
images (Type 2), which have 
same mean and standard 
deviation of lightness (i.e., 
statistically equal images). Left 
standard deviations of part of 
the Type 2 specimens were 
modulated in four variations 
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was illuminated by neutral white fluorescent lamps from 
the ceiling, and surface illuminance over the table was 
approximately 1100 lx. Thirty-two students (16 males and 
16 females; mean age 23.7 ± 2.0) participated in answer¬ 
ing the questionnaire. They observed the specimens from 
approximately a distance of 800 mm. Mean visual acuity of 
the subjects (including users of glasses or the contact lens) 
was 0.96 ± 0.28. Sensory data obtained by the ranking 
method were statistically scaled, based on the mean stan¬ 
dard deviation [18]. 

Image analysis 

Nakamura et al. [14, 15] proposed multi-resolution contrast 
analysis (MRCA)—a new method to analyze the images. In 
this method, differences of lightness between contiguous 
areas with a given size are calculated in various places within 
an image by changing the size of the areas being measured. 
The idea to compare the lightness between adjacent areas in 
the image is similar to the retinex theory proposed by Land and 
McCann [19, 20] when considering the human visual system. 
In addition, the multi-resolution concept in MRCA provides a 
type of frequency analysis similar to Fourier analysis. 

In our study, we tried to characterize the appearance of 
edge-grain patterns using MRCA. Although Nakamura 
et al. [14, 15] formulated an algorithm of a two-dimen¬ 
sional MRCA and applied it to various lumber-surface 
images, we modified this algorithm to a one-dimensional 
version and applied it to the edge-grain patterns because 
these patterns were considered as relatively simple stripes. 

First, from each pattern, 16 line profiles perpendicular to 
the grain were sampled with the same interval. The line 
profile, Lj(i) (1 </<m, 1 <j<N ), was a series of light¬ 
ness changes in the horizontal direction of the pattern, 
where i denotes the position of a pixel, j denotes a line 
number, and m and N were the number of pixels composing 


a line and the number of lines, respectively (in the present 
study, m = 4096, N = 16). 

The one-dimensional MRCA was applied to each line 
profile. The procedure was formulated as follows. A 
smoothing filter was applied to the jth profile, 

i ik 

400 =T E 40 (5) 

/=(/— 1)£+1 

where k is the filter size denoted by the number of pixels, I 
is the position of the filtered area (1 <l<m/k) 9 and L 
indicates the lightness of the area. The 7th local contrast 
value in the jth smoothed profile was defined by Eq. 6. 

Cjk(I) = 14(7) -Lj k {I+ 1)1 (1 <I<m/k- 1) (6) 

The mean contrast value of the yth profile Cjk and the 
whole mean contrast value Ck were calculated by Eqs. 7 
and 8, respectively. 

^ m/k—l 

E <*</) (7) 

c * = vE 4 ( 8 ) 

7=1 

These calculations were performed by the self-made 
FORTRAN programs. 

The relationship between the filter size k and the mean 
contrast value Q was expressed as a contrast spectrum. 
Sixteen contrast spectra of Type 3 specimens are shown in 
Fig. 3. Each contrast spectrum was a characteristic curve of 
the edge-grain pattern. In Fig. 3, levels of the contrast 
spectra improve with an increase in the standard deviation 
of lightness of each specimen, from lower a to upper d. 
This means that MRCA could sharply detect lightness 
changes in any local area. Additionally, for example, the 
filter size of a peak position in the spectrum of specimen 
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Fig. 3 Contrast spectra of Type 
3 specimens. The number at the 
upper left of each graph 
corresponds to the specimen 
code of Type 2 specimens, as 
shown in Fig. 1. Spectrum 
letters (from a-d) denote the 
variation of standard deviations 
assigned to Type 3 specimens 


Table 1 Correlation matrix of 
impressions (Type 3) 


**/? < 0 . 01 , ***/? < 0.001 



Filter size [mm] 



Close 

Decent 

Elegant 

Clear 

Varied 

Decent 

0.920*** 





Elegant 

0.626** 

0.789 




Clear 

-0.210 

-0.372 

-0.852*** 



Varied 

-0.482 

-0.717*** 

-0.969*** 

0.857*** 


Showy 

-0.462 

-0.652** 

-0.973*** 

0.936*** 

0.968*** 


No. 2, which is approximately 1 mm, corresponds to the 
mean width of the dark stripes of the zebra wood. 

Results and discussion 

Correlation coefficients between six impressions in the 
Type 3 specimens are summarized in Table 1. The Clear, 
Varied, and Showy impressions were in a highly positive 
correlation to each other. The Elegant impression showed a 
highly negative correlation to these three impressions. 
Although the Close and Decent impressions showed a 
highly positive correlation to each other, the correlations 
with the other four impressions were relatively low. Based 
on this analysis, we classified the six impressions into three 
groups and demonstrate the relationships between contrast 
values and impressions regarding the three impressions of 
Varied, Elegant, and Close. 


In Type 3 specimens, an increase in the standard devi¬ 
ation of lightness expanded the range of lightness varia¬ 
tions and increased the overall contrast of the edge-grain 
pattern. The relationships between standard deviations and 
the three impressions are shown in Fig. 4. The Varied 
impression increased with an increase in standard deviation 
of lightness, and conversely, the Elegant impression was on 
the decline. However, the assessment of each specimen 
was conducted separately for each species, even if there 
were similar standard deviations among them. Also, the 
Close impression was assessed for each species indepen¬ 
dently of the standard deviation. 

Multi-resolution contrast analysis derives an inherent 
contrast value for each filter size. A large filter can detect 
lightness changes that appear in large areas, and a small 
filter deals with the changes in smaller areas. The magni¬ 
tude of the contrast value denotes how noticeable a specific 
feature is when matched with a given filter size. Using the 
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above properties of MRCA, we examined the correlation 
between the visual evaluations of an impression and the 
contrast values at the specific filter size, and we obtained a 
correlation spectrum that is composed of successively 
calculated correlation coefficients. The three correlation 
spectra of the Varied, Elegant, and Close impressions are 
shown in Fig. 5. The Varied and Elegant impressions 
presented highly positive and negative correlations when 
the filter sizes were 1-3 and 1-2 mm, respectively. Though 
the Close impression had the highest negative and positive 
correlations when the filter sizes were 1.7 and 17 mm, 
respectively, their levels were relatively low. 

These correlation spectra suggest the existence of an 
optimum filter size for each impression, which will match 
the size of a useful visual clue to assess the impression. In 
the present study, based on the positions of a peak or a 
valley of the spectra, we selected the following filter sizes 
as optimum: 2.9, 1.3, and 1.7 mm for the Varied, Elegant, 
and Close impressions, respectively. The relationships 
between the impressions and the contrast values found at 
each optimum filter size are shown in Fig. 6. The very high 
correlation for the Varied impression suggests that light¬ 
ness changes appearing in relatively broad features of the 
edge-grain patterns affected the impression. Similarly, the 
lightness changes in relatively narrow features should 
affect the Elegant impression. However, the Close 
impression is almost independent of the contrast. Probably, 
this impression was slightly affected by visual factors of 
the annual ring density and other factors. 

Based on the results from the Type 3 specimens, we 
attempted to explain the relationship between the contrast 
values and the two visual impressions in the Type 1 and 2 
specimens. Figures 7 and 8 represent the relationships 
between the contrast values and the Varied and Elegant 
impressions in Type 1 and 2 specimens, respectively. 



Fig. 5 Correlation coefficient spectra of Varied, Close, and Elegant 
impressions in Type 3 specimens 

Although the contrast values of the Type 1 and 2 speci¬ 
mens were determined on the basis of optimal filter sizes 
specified for Type 3, there were relatively high correla¬ 
tions between the contrast values and the two impressions. 
Therefore, a particular feature when matched with the 
filter size was an effective clue to evaluate the impression, 
and this clue was rarely influenced by the presence of 
color. 

In Fig. 9, the impressions of Varied, Elegant, and Close 
of the Type 1 specimens are compared with the same 
impressions of Type 2 specimens. In all three impressions, 
positive correlations between Type 1 and 2 specimens 
exist. However, for the Varied and Elegant impressions, a 
few specimens that were equally evaluated within Type 1 
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Fig. 6 Relationships between contrast values and visual impressions in Type 3 specimens. A measurement enclosed in parentheses is the optimal 
filter size (*/? < 0.05, ***/? < 0.001) 


Fig. 7 Relationships between 
contrast values and visual 
impressions in Type 1 
specimens. Contrast values are 
determined by the optimal filter 
sizes specified for Type 3 
(***/? < 0 . 001 ) 
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Fig. 8 Relationships between 
contrast values and visual 
impressions in Type 2 
specimens. Contrast values are 
determined by the optimal filter 
sizes specified for Type 3 
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were rated differently within Type 2, and vice versa. When 
the colored edge-grain patterns lost their color information 
and were set to gray tones (that is, conversion from Type 1 
to Type 2, as shown in Fig. 2), light and shade in the 
patterns were emphasized or weakened. Probably, such an 


appearance change resulted in difference in the sensory 
evaluations between Type 1 and 2 specimens. On the other 
hand, this clear linear relationship between both sets of 
specimens means that the Close impression was difficult to 
be influenced by the changes in color and lightness. 
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Fig. 9 Reciprocal relationships of impressions between Type 1 and 2 specimens (**p < 0.01, ***/? < 0.001) 


Conclusions 

To demonstrate the psychophysical effects of edge-grain 
patterns on visual impressions received by human observ¬ 
ers, we used sensory evaluation to assess the visual 
impressions of various edge-grain patterns using printed 
images, which were well regulated by image processing. 
We computed contrast values as the image characteristics 
of each pattern on the basis of a one-dimensional MRCA 
and determined the optimal filter size in MRCA that was 
congenial to each impression. Although a few impressions 
such as Close were almost independent of the contrast values, 
the contrast values and other impressions, such as Varied and 
Elegant, were highly correlated (positively or negatively). In 
addition, these relations were robust, and they were rarely 
influenced by the color information. The experimental results 
demonstrate that our proposed contrast value can provide a 
good numerical index that not only expresses image charac¬ 
teristics of the edge-grain patterns but also estimates some of 
their visual impressions. 

However, the present study elucidates only a part of the 
psychophysical properties of the edge-grain patterns based 
on MRCA. We should examine the versatility of MRCA 
more widely, and make the methodology more sophisti¬ 
cated to numerically describe the subjective preference or 
esthetics for wood and wood products. 
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